Numerical solutions are presented for the flow and heat transfer problems of laminar forced convection for liquids in rectangular ducts by use of several correlative equations for viscositytemperature as used in the studies of the circular tube, where the fully developed velocity and temperature fields, under the boundary conditions of axially uniform wall heat flux and peripherally uniform wall temperature, are assumed. The effects of viscosity variations on the profiles of velocity and temperature, the friction factor and the Nusselt number are summarized as follows : i) the velocity profile is strongly affected by the viscosity ratio based on the wall and cup mixing temperature (jiw/pim)9 whereas the temperature profile is affected weakly, and ii) the relationship off/fcp vs. fJtwlf£m for various aspect ratios is in good agreement with that of the circular tube as reported by Shannon et al. and Deissler, in the region of ptw/fim< 10, where fcp is the friction factor for the case of constant viscosity. On the other hand, the relationship of Nu/Nucp vs. fijfim is different from that of the circular tube, except in the region where ptw/ptm is closer to unity, and its difference is remarkable in a larger aspect ratio.
Introduction
Many theoretical studies have been made of the heat transfer problems with various boundary conditions for laminar forced convection in the rectangular duct. However, most of the works were related to idealized conditions as assumed in the classical Graetz problem. In practice, heat transfer results deviate from these predictions. It is very important to consider the effect of free convection and variation of fluid properties in these problems. Several investigators2'6)9>13) suggested the effect of free convection on the problems of laminar forced convection. However, the effect of variation of fluid properties on heat transfer has been scarcely mentioned to date. The purpose of this paper is summarized in the following items: i) to show a numerical solution for flow and heat transfer problems of laminar forced convection for liquids in rectangular ducts with various aspect ratios by considering the effect of temperature on the viscosity, where fully developed velocity and temperature fields under the boundary condition Received May 29, 1978 . Correspondence concerning this article should be addressed to H. Nakamura. 14 of axially uniform wall heat flux and peripherally uniform wall temperature are assumed, and ii) to correlate the friction factor and the Nusselt number with viscosity ratio based on the numerical solutions. General form
Governing Equation
erties except viscosity // are assumedto be constant. Disregarding the effect of viscous dissipation, conduction in the Z-direction and free convection, one obtains the governing equations with respect to momentumand energy:
where Wis velocity of the Z-direction, t temperature, p pressure, a thermal diffusivity, and X and Y are the coordinates over a cross-section.
Equations (1) and (2) can be transformed into the following dimensionless equations. 
Nu= wJ46m
2. Viscosity-Temperature Functions and Calculation Procedure Equations (3) and (4) can scarcely be solved by any analytical method, even if ju//u,m is given as a function of temperature. Therefore, a numerical method VOL 12 NO. 1 1979 is employed herein.
To obtain numerical solutions of w and 6 given in Eqs. (3) and (4), it is necessary to correlate [ilfim with 0. Although many viscosity-temperature functions were used in the analysis of the flow and heat transfer problems in the circular tube, four functions, which are listed in Table 1 , have been employed in this paper. In Table 1 Equations (3) and (4) are transformed into a finite difference approximation and solved by the S. O. R. method under the given boundary conditions. A quarter of the rectangular duct was divided into a system of 16x 16 subdivisions since symmetry was present.
The calculations were performed by PANAFACOM U-400 at Daido Institute of Technology and HITAC 8450 at Nagoya Institute of Technology.
3. Results and Discussion 3. 1 Velocity and temperature profiles Figures 2 and 3 show the axial velocity and temperature profiles along X-axis at y=l for various values of juw//um, respectively. As seen in Fig. 2 , the maximum velocity increases as juw//um increases from unity (cooling), and decreases as the value decreases from unity (heating), where the velocity profile approaches uniformity.
The maximumtemperature, by contrast, increases as flwll*m decreases and vice versa; i. e., this phenomenon reverses that of the velocity profile. The deformation Sieder and TateU) suggested m=0.25 from many experimental results. Deissler4) also proposed the following relationships from analytical solutions : m=0.50 at pw/fim>lm =0.58 at iiw\iim<\ y } Furthermore, Shannon et al.10) suggested m=0.54 for juw/jbtmyi. In Fig. 4 , the relationship off/fep vs. PwlPm at j=l is obtained from the numerical solutions for each correlative equation in Table 1 , and this relationship is compared with that of the above circular tube. The numerical results at y=l for Eq. (c) in Table 1 are in good agreement with the solutions in the circular tube by Shannon et al.10) . In addition, these results also agree well with Eq. (9) by Deissler within deviate from the present results for Eq. (c) as the value of juw/jum departs from unity. Figure 6 shows the influence of y on the relationship°f flfcv vs-/W/W where Eqs. (c) and (d) are used.
4 The influence of aspect ratio onf/fep and Nu/Nucp
In the region of //w///m>10, it is suggested that the influence of y on the friction factor is very small and that its relationship is very close to that of the circular tube, as shown previously. Therefore, the empirical equation of the friction factor for the circular tube mayalso be applicable to other non-circular ducts.
In the region of //w//v> 10, however, the relationship°f flfcv vs-PwlPm depends on y and the viscositytemperature function. are especially different from each other in the case of y=5. For the rectangular duct with a large aspect ratio, therefore, the selection of the viscosity-temperature function is especially important.
Concluding Remarks
The numerical solutions for the flow and heat transfer problems considering the effect of temperaturedependent viscosity on laminar forced convection for liquids in rectangular ducts with various aspect ratios Fig. 6 The influence of aspect ratios on the relationships offlfcp vs. jujjum using Eqs. (c) and (d) Fig. 7 The influence of aspect ratios on the relationships of Nu/Nucp vs. jujjum using Eq. (c) Fig. 8 The influence of aspect ratios on the relationships of NujNucp vs. juw/f£m using Eq. (d) have been presented for the fully developed velocity and temperature fields under the boundary condition of axially uniform wall heat flux and peripherally uniform wall temperature.
The velocity profile is strongly affected by juw/jum. However, the temperature profile is not affected so much as in the velocity profiles. The friction factor VOL 12 NO. 1 1979 ratio (f/fcp) for various aspect ratios is in good agreement with that in the circular tube as reported by Shannon et al. and Deissler when the value of ju>w//u>m is smaller than 10. Therefore, it is suggested that the empirical equation of the friction factor in a circular tube may also be applicable to general non-circular ducts.
On the other hand, the dependence of Nu/Nucp on juw/jum in rectangular ducts is different from that in the circular tube, and its difference is remarkable in the large aspect ratio. If one wants to obtain Nu/Nucp in a wide range of juw/jum, the selection of a wellfitting viscosity-temperature function is very important.
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